The biodiversity of phytoplankton is a core measurement of the state and activity of marine ecosystems. In the context of historical approaches, we review recent major advances in the technologies that have enabled deeper characterization of the biodiversity of phytoplankton. In particular, highthroughput sequencing of single loci/genes, genomes, and communities (metagenomics) has revealed exceptional phylogenetic and genomic diversity whose breadth is not fully constrained. Other molecular tools-such as fingerprinting, quantitative polymerase chain reaction, and fluorescence in situ hybridization-have provided additional insight into the dynamics of this diversity in the context of environmental variability. Techniques for characterizing the functional diversity of community structure through targeted or untargeted approaches based on RNA or protein have also greatly advanced. A wide range of techniques is now available for characterizing phytoplankton communities, and these tools will continue to advance through ongoing improvements in both technology and data interpretation. 
INTRODUCTION
Marine phytoplankton, classically defined as microscopic photosynthetic (CO 2 → CH 2 O) organisms, comprise an exceptionally diverse group of species that includes two domains of life (Blankenship 2002) . This genetic diversity translates into fundamental biochemical and physiological differences among clades and species that in turn guide their ecology and their role in ocean biogeochemistry (Falkowski et al. 2008) . Phytoplankton perform the vast majority of primary production in the ocean and account for roughly half of the global total production as quantified by oxygen evolution or carbon dioxide uptake (Field et al. 1998) . Indeed, it is these dual (and linked) foundational roles of phytoplankton in cycling major elements and funneling the initial biochemically available energy into the oceans that make the topic of phytoplankton biodiversity of fundamental importance for the marine sciences .
The importance of this diversity has been appreciated for centuries by biologists, ecologists, and others, from Ernst Haeckel to G. Evelyn Hutchinson. Thus, the characterization of biodiversity among marine phytoplankton has a long history. Modern molecular techniques have rapidly advanced the ability to characterize and quantify phytoplankton diversity through enhanced precision and throughput, but many of the driving questions remain the same: How many different types (species) of phytoplankton exist in the ocean? What is their evolutionary relationship? How do they coexist? What environmental or biological variables influence their biogeography? How do physiology and behavior vary among species and in response to the environment? And, more broadly, how do the ecology and biogeochemistry differ among these species? More recently, these same measurements and questions have become important components in applied phycology, which can leverage this biodiversity to achieve a specific outcome (biofuels from algae, harmful algae bloom identification/prediction, etc.) (Lang et al. 2011 , Parsons et al. 1999 .
Operationally, phytoplankton biodiversity can be subdivided into three different but interrelated components: genomic, phylogenetic, and physiological. Genomic diversity broadly encompasses the instruction set or range of capabilities that a given phytoplankton has at its disposal, including its entire gene complement (genome) as well as any potential epigenetic properties. Phylogenetic (or taxonomic) diversity stems from genomic diversity but is focused more on the comparative evolutionary relationships among different phytoplankton species. Functional diversity broadly characterizes the biochemical, physiological, and behavioral responses to any range of environmental variables, from temperature and light to viral susceptibility to biochemical composition (among many others). In practice, these overlapping components of biodiversity provide mileposts along the way to the broader goal of characterizing phytoplankton community biodiversity in order to understand what is out there, how are they related, and what are they doing. Improvements in light microscopes as well as the development of the electron microscope helped to form many of the early descriptions of marine phytoplankton. These approaches, which continue today, have been notably successful for diatoms, prymnesiophytes, and other taxa with ornate morphologies. Recent advances in superresolution fluorescence microscopy will no doubt further extend this approach, and in particular will aid studies of physiological and behavioral biodiversity because of their ability to directly resolve processes at the cellular level (Westphal et al. 2008) .
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In parallel, other early optical characterizations of algae relied on basic colorimetric approaches. All phytoplankton contain chlorophyll a (either in monovinyl or divinyl form) as their core pigment for harvesting light. As such, it is generally not useful as a metric for biodiversity, but many accessory pigments such as carotenoids or other types of chlorophyll (e.g., chlorophyll b or c) are taxon specific, and many lineages have unique optical spectra. Early work classified algae into four groups-red, green, brown, and diatomaceous algae-based solely on their appearance. Although not focused on phytoplankton (i.e., single-celled organisms) per se, this approach formed the foundation for pigment-based analyses that are still performed today.
For example, chromatography-based approaches and, specifically, modern high-performance liquid chromatography (HPLC) can simultaneously determine the concentrations (and therefore approximate abundance) of a wide range of carotenoids and chlorophylls (Bidigare et al. 2005 ) (Figure 1b) . The abundance of these diagnostic accessory pigments relative to the universal chlorophyll a pigment can be used to quantify the abundance of major taxa in a sample (Mackey et al. 1996) (Table 1) . These markers are generally not unique to specific groups, and precise identification is therefore challenging. Furthermore, pigment ratios are strongly influenced by light, nutrient availability, and other environmental variability. Thus, these ratios can potentially provide information on the physiological diversity of phytoplankton, but they have only limited applicability to the precise quantification of specific taxa. Nevertheless, because of their relatively high throughput and low cost, chromatography-based approaches are useful for large numbers of samples to obtain a broad taxonomic characterization of a given community.
Early use of flow cytometry also enabled the optical characterization of phytoplankton communities (Yentsch et al. 1983) . Single cells are passed through a focused laser beam (or beams) using a laminar flow stream. Scattered laser light, which is proportional to cell size and refractive index, is then used to quantify and characterize cells. In addition, fluorescence can be diagnostic for some major pigments groups (e.g., chlorophyll and phycoerthythrin). The combined approximate size/refractive index and pigment composition can be used to identify several major taxa of phytoplankton, including Prochlorococcus, Synechococcus, and pennate diatoms, and can enumerate other apparent populations even if they are not taxonomically resolved (Olson et al. 1985) (Figure 1a) . Flow cytometry typically works best on smaller cells (less than ∼20 µm in size) that are approximately spherical, and it continues to be the most robust technique for counting major picoplankton populations (Lomas et al. 2011 , Shapiro 2003 . For larger cells (greater than ∼10 µm in size) from morphologically distinct populations, imaging cytometry is preferred. This method marries microscope-like optical (i.e., visual) characterization with a flow cytometry-like sample stream, thus providing much higher throughput than standard microscopic analysis (See et al. 2005 , Sieracki et al. 1998 . Pictures (or other optical information like fluorescence) are obtained from each cell as it crosses the imaging point, and the cells are later identified either manually or automatically based on training data sets. The in situ video plankton recorder uses a similar approach to image cells as they pass through the interrogation point, with the additional advantage that the instrument is towed behind a ship (Benfield et al. 2007 ).
As digital cameras and other optical sensors continue to improve in sensitivity, resolution, speed, size, and durability, flow cytometry and imaging cytometry will be able to provide even more optical information on phytoplankton populations (and their component single cells). Instruments have also been developed for extended in situ deployment, providing exceptional temporal resolution (Dubelaar et al. 1999) . The storage of raw data and automated processing of signals (including images) remain major challenges, but work in this area has progressed, in part because of efforts to overcome similar challenges in other fields that use imaging technologies (security, medicine, etc.).
MOLECULAR APPROACHES
Optical approaches dominated phytoplankton biodiversity studies until approximately the turn of the millennium; since then, there have been many technological advances in the field. Many of these advances have focused on molecular characterization, enabling increased throughput and/or deeper characterization of samples. For example, DNA sequencing was often previously limited to single loci and low sample throughput, but common approaches can now generate gigabases of data at low cost. Similar advances in mass spectroscopy have advanced the identification and quantification of proteins as well as tracer-based isotopic analyses for the characterization of physiological diversity. In addition to these and other methodological advances, exponential increases in computational power, data storage, and data processing routines have been critical. They have allowed the acquisition, analysis, and ultimately interpretation of the often vast amounts of data generated by the new technologies. In the sections that follow, we summarize some of the major technological advances and then discuss how these tools can be used to characterize biodiversity in each of its forms ( Table 2) . Finally, we discuss emerging techniques, including how different techniques are being merged to advance our understanding of biodiversity.
DNA Sequencing
Of the modern techniques available, perhaps the most well developed and extensively used in the study of biodiversity is DNA sequencing. DNA sequencing has evolved considerably from the initial and tedious slab gel approach and now includes massively parallel approaches that enable many downstream applications. Marine scientists use several forms of DNA sequencing (including RNA sequencing via reverse transcription) depending on the application, budget, and other requirements. Sanger (or chain termination) sequencing is still considered the gold standard because it has a moderate read length [∼800 base pairs (bp)] and the data are of high quality, but it also carries the disadvantages of low throughput and high cost. It is now used primarily for single-locus sequencing of cultures and other low-diversity applications (e.g., clone libraries) where a small number of high-quality sequences are needed.
As an alternative to Sanger sequencing, so-called next-generation sequencing can utilize any of five different technologies (Mardis 2013) . Pyrosequencing (454 Life Sciences/Roche Diagnostics) provides moderate read lengths (up to ∼700 bp), but it is relatively expensive and provides fewer reads (∼1 million) per run compared with other methods. Because it was the first widely available next-generation technique, many pioneering phylogenetic and genomic diversity studies used this approach. Sequencing by ligation (SOLiD platform, Thermo Fisher Scientific/Life Technologies) can provide more than 1 billion high-quality, shorter reads (50 + 50 bp) at a low cost per base, but it is generally slower than other methods. To date, it has not been used extensively by the marine science community. Sequencing by synthesis (Illumina/Solexa) generates up to 3 billion bases of low to moderate read length (50-300 bp) with moderate accuracy at a very low cost. Because of the www.annualreviews.org • Quantifying Phytoplankton Biodiversity high throughput and low cost, many microbial diversity studies, including those for phytoplankton, are moving to this technology. Semiconductor sequencing (Ion Torrent platform, Thermo Fisher Scientific/Life Technologies) rapidly (∼hours) generates up to 80 million reads of low to moderate length (100-400 bp) with moderate accuracy at an intermediate cost. To date, it has not been used extensively by the microbiological or marine science community. Finally, single-molecule sequencing (Pacific Biosciences) rapidly (hours) generates up to 50,000 long reads (∼5,000-30,000 bp) of low quality at moderate expense. To date, this technology has not been used by the marine science community, but it holds promise for several applications that can leverage the longer reads.
Of the six major techniques available to the marine science community, Sanger sequencing has historically been the most used. However, its application has rapidly declined as new technologies have emerged. For example, pyrosequencing has been used extensively in the past 10 years because it was the first next-generation technique available and greatly reduced the per-base cost, and sequencing by synthesis is now rapidly becoming the most popular approach because of its even lower per-base cost. In this rapidly advancing technological landscape, other approaches (e.g., single-molecule, semiconductor, and other nascent technologies) may ultimately become more common as capabilities grow and costs decline.
Phylogenetic (Taxonomic) Diversity
Although many optical techniques are still used today, molecular approaches have rapidly replaced them as the preferred method for characterizing phytoplankton biodiversity. Nowhere is this more apparent than in the analysis of phylogenetic/taxonomic diversity, where a suite of approaches based on marker genes (single loci) are available. Many of these techniques rely on DNA sequence approaches in which a locus of interest (often a gene or gene fragment) is amplified or hybridized for quantification or other characterization. These approaches require a known target (DNA sequence) for amplification or targeting and thus can be limited to assessing communities where this target is known and conserved. For example, conserved regions in the photosystem II D1 gene ( psbA) or the small-subunit RNA gene (16S or 18S) are used to amplify gene fragments for a community of interest, and these fragments are then quantified or otherwise characterized (Hunt et al. 2013 , Sogin et al. 2006 , Zeidner et al. 2003 .
In principle, this approach is straightforward, but in practice some care must be taken to avoid bias. For example, designing oligonucleotide primers for target sequences that are specific enough to amplify only target regions of the desired group (diatoms, all phytoplankton, cyanobacteria, Synechococcus clade IV, etc.) but general enough to capture all the diversity within the target group can be very challenging. Direct sequencing makes it straightforward to determine whether the approach is yielding members outside the group of interest; however, assessing whether the approach is missing members is often difficult. Nevertheless, many high-quality target sequences have been identified and robust primers or probes developed (e.g., for 16S rRNA) (Hunt et al. 2006 , Ludwig et al. 2004 . A second potential bias relates to the need for PCR amplification (Chandler et al. 1997 , Polz & Cavanaugh 1998 . However, PCR errors can be reduced using a variety of approaches, including minimizing the level of amplification and using high-fidelity reagents and methods (Thompson et al. 2002) . A third potential complication is that organisms often contain more than one copy of a given gene, and often the sequence (or length) of these copies is different (Farrelly et al. 1995) , thus complicating interpretation in mixed communities. With appropriate care in primer/probe design and amplification, many downstream applications-including fingerprinting (see below) and sequencing (cloning or amplicon libraries)-have dramatically expanded the tool kit available for studying the diversity of phytoplankton.
Marker genes: fingerprinting (ARISA, DGGE, and TRFLP). Using marker genes such as psbA, rbcL (the RuBisCO large subunit gene), or the small-subunit RNA gene, fingerprinting techniques leverage DNA sequence diversity without requiring direct sequencing of those fragments. The three most commonly used approaches are automated ribosomal intergenic spacer analysis (ARISA), denaturing gradient gel electrophoresis (DGGE), and terminal restriction fragment length polymorphism (TRFLP), all of which rely on amplifying target fragments that are subsequently characterized. ARISA uses the variability in the length of the fragment between the 16S and 23S rRNA genes as an index of taxonomy (Figure 2) . DGGE uses the migration distance along a denaturing gradient gel as an index of taxonomy. TRFLP uses terminal (either 5 or 3 ) fragment length after one or more restriction digests as an index of taxonomy.
These techniques are limited in their phylogenetic resolution of sequence, and their dynamic ranges for different populations within a mixed community are poor. However, they are relatively straightforward and economical to use and therefore have been particularly powerful for comparing samples. For example, time-series analysis of high-resolution ARISA signatures has provided substantial insight into microbial populations (Brown et al. 2005 , Fuhrman et al. 2006 . Similarly, investigators have used DGGE and restriction mapping of phytoplankton marker genes (e.g., psbA) to identify novel groups of phytoplankton and their variability in the environment (Scanlan et al. 1996 , Zeidner & Beja 2004 ).
Marker genes: sequencing (clones, amplicons). Because of its increased information content, direct sequencing of gene fragments remains the most robust approach for characterizing taxonomic diversity when using a single locus. Until recently, most approaches relied on cloning fragments into a vector that was transformed (usually into E. coli ) and subsequently sequenced. The advantages of this approach include high sequence quality and the ability to resequence to extend or verify ambiguous sequence data. One potential difficulty is that gene fragments (or whole genes) are transformed into living cells; although these genes or gene sequences are generally robust, some are not viable in the host and so are not recovered in the final analysis, thus introducing bias. Nevertheless, this cloning and sequencing approach greatly advanced the field because it identified a high level of taxonomic diversity that had not been quantified by optical approaches. For example, initial clone libraries identified unexpected diversity in the 18S rRNA gene, including new clades and taxa (Moon-van der Staay et al. 2001 ). Other foundational studies identified major taxonomic groups of marine microbes that previously were unrecognized (Giovannoni et al. 1990 ). However, because of the processing required and the cost, this approach does not scale well for many samples and sequences. It also has relatively poor dynamic range within a sample, and thus is currently used mainly for pilot or other small-scale studies.
Amplicon libraries sequenced using next-generation techniques have greatly expanded singlelocus sequencing. Amplicon libraries avoid the bias introduced by cloning and can be sequenced to far greater depths than cloning-based approaches. For example, a large clone library might include several hundred sequences, whereas an amplicon library can now exceed tens of thousands or more (Hunt et al. 2013 , Sogin et al. 2006 . Although amplicon fragments are somewhat reduced in sequence length (often called tags) and therefore provide reduced phylogenetic resolution, well-selected targets still provide substantial information on diversity. Early use of this approach Automated ribosomal intergenic spacer analysis (ARISA) profiles of phytoplankton biodiversity for four time periods. Each peak corresponds to a phytoplankton taxon (or mixture of taxa), and the peak height (or area) is roughly proportional to abundance. Data are from Brown et al. (2005) . 
Figure 3
Amplicon library of cyanobacteria internal transcribed spacer sequences, represented as a phylogenetic tree (inner black lines) with relative abundances (outer blue bars).
focused on using pyrosequencing or small fragments (<100 bp); more recently, sequencing by synthesis, which generates many more and longer reads, has become commonplace (e.g., Caporaso et al. 2011) . Depending on the platform and technology, both of which are rapidly changing, these approaches can currently yield up to several million sequences per run with lengths of up to 300 bp (or even more). Because of the vast number of sequences generated, samples are often combined (or bar coded) into a single run and later computationally differentiated by identifying the added bar-code sequences. Broadly, these approaches have shown that microbes and phytoplankton are exceptionally taxonomically diverse, with significant microphylogenetic variability (e.g., Figure 3 ) (Cordero & Polz 2014 ).
Data analysis.
Many techniques for assessing the biodiversity of phytoplankton use DNA sequencing-based approaches. The exponential increases in sequencing capabilities (and the decreased costs) have enabled the production of vast quantities of data. Although this presents great opportunities for characterizing biodiversity, it also presents at least three challenges for data analysis. First, as with all forms of data, DNA sequencing is not error free. Both random and systematic errors can dramatically affect downstream results, and so proper care must be taken to minimize these errors. These issues are often specific to individual sequencing platforms and should be addressed in this context (Bragg et al. 2013) . Second, quality-controlled data are typically processed to identify groups of phytoplankton, either de novo through the creation of operational taxonomic units based on sequence similarity (e.g., 97% similarity) or by binning sequences into known taxa based on a priori information (Preheim et al. 2013 , Sogin et al. 2006 . This grouping serves the dual purpose of identifying taxa and quantifying their abundance, but it also greatly reduces the size of the data set to representative sequences, thus facilitating downstream analyses. Third, the phylogenies of these representative sequences are typically compared, either by using established relationships (i.e., mapped onto a phylogenetic tree) or by creating de novo relationships (Hall 2011). From these processed (and reduced) sequence data, investigators can perform other biodiversity analyses, such as visualization and the calculation of diversity indices (Escalas et al. 2013) . Because of the widespread use of amplicon libraries, many analysis pipelines, such as mothur and QIIME (Quantitative Insights into Microbial Ecology) (Caporaso et al. 2010 , Schloss et al. 2009 ), have been developed that combine the initial processing, operational taxonomic unit grouping, and downstream analyses (e.g., clustering) for single-locus sequences. Other programs used in general ecological analysis [e.g., Primer and R (including the vegan package)] as well as phylogenetic programs [e.g., PHYLIP (Phylogeny Inference Package)] can also be useful for downstream biodiversity analysis.
Marker genes: quantification (qPCR, hybridization).
Although fingerprinting and sequencing-based approaches using amplicons provide significant information about the phylogenetic composition of a sample, they can be limited in their ability to precisely quantify the abundance of specific lineages. Quantitative polymerase chain reaction (qPCR) and hybridizationbased approaches (at either the cellular or extracted DNA level) can more precisely quantify specific components of taxonomic diversity (Amann & Fuchs 2008 ). These techniques rely on the quantification of known genetic targets (i.e., marker gene sequences as PCR primers or oligonucleotide probes) and therefore are limited to characterizing known diversity. Furthermore, because they require separately assaying each target, these techniques are most commonly used to quantify from one to tens of known groups. However, these approaches can have great dynamic range and, when optimized, can detect from as few as one cell per assay up to the most abundant population in a mixed group. When hybridization is used in conjunction with microscopy [e.g., fluorescence in situ hybridization (FISH)], potential interactions, associations, or localization information can also be available. Because of these properties, qPCR and hybridization-based approaches have been most successfully employed when quantifying known groups over many samples in which the dynamic range of the target covers several orders of magnitude. For example, Johnson et al. (2006) quantified six genetic clades of Prochlorococcus over the Atlantic using qPCR and revealed biogeographic niche partitioning, which was subsequently related to environmental variables. When compared with independent methods for tracking Prochlorococcus communities, the sum of the qPCR populations generally agreed well with the total Prochlorococcus cell count, but qPCR also identified environments where unquantified diversity remained (i.e., where the qPCR count was significantly less than the total number of cells in the Prochlorococcus community).
Genomic Diversity
Phylogenetic diversity provides insight into the range of types (species, clades, etc.) of phytoplankton present in a given sample, and to a limited degree this information can be translated into major functional potential based on past knowledge (e.g., diatoms assimilate silicon). However,
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genome-based approaches provide a detailed road map of the genetic biodiversity based on the complement of genes and associated functions. Over the past two decades, a range of techniques have been developed targeting either single organisms or communities, and these have provided major insights into phytoplankton biodiversity.
Genomics. Whole-genome sequencing typically uses a combination of molecular approaches to determine the complete genome sequence of the organism of interest. In most cases, shotgun sequencing is used: Genomic DNA is randomly broken into smaller fragments, which are then sequenced and computationally reassembled to yield the original whole-genome sequence. This approach has been used mainly on model members of major groups of phytoplankton, including diatoms, cyanobacteria, and prymnesiophytes (Armbrust et al. 2004 , Bowler et al. 2008 , Read et al. 2013 , Rocap et al. 2003 . The power of this approach lies in two major areas: (a) using the similarity of the DNA sequence to known sequences (i.e., from databases such as GenBank and CyanoBase) to infer the functions of genes and ultimately the range of functions of an entire genome/organism, and (b) using comparative genomics to infer the similarities and differences between two or more different genomes/organisms. For example, early genomic sequencing of cyanobacteria (two Prochlorococcus strains and one Synechococcus strain) characterized the shared genomic component (or so-called core genome) and highlighted genomic and functional similarities among marine cyanobacteria (Palenik et al. 2003 , Rocap et al. 2003 . These comparisons also yielded critical differences in the genome content among different strains: Many genes were of known function and therefore could be used to infer differences in ecology and biogeochemistry among cyanobacteria.
As additional strains representing different clades have been sequenced, both the core genome and the unique functional potential found in each clade or organism have been refined and additional insight gained into their ecology and biogeochemistry (Kettler et al. 2007 , Scanlan et al. 2009 ). Eukaryotic phytoplankton typically have much larger genomes that can range from tens of megabases to more than 1,000 megabases (thus potentially exceeding the size of the human genome). This can present significant technical (and financial) challenges and has thus limited the availability of genome sequences from eukaryotes. Nevertheless, the initial genome sequences have provided great insight into the vast metabolic complexity of eukaryotic phytoplankton (Bowler et al. 2008 , Palenik et al. 2007 ). Genomic studies can also expand our understanding of the phylogenetic diversity and evolutionary history of phytoplankton (Falkowski et al. 2004 ). In particular, plastid sequences from eukaryotes as well as specific regions of the chromosome can be used to probe the timing and sequence of speciation (Worden et al. 2009 ).
As sequencing prices continue to drop and technology becomes more advanced, genomic characterization will in all likelihood become more common and be applied to an increasing number of strains. If sufficient numbers of members of the population are assessed, this approach could potentially be used in population genetic studies. It is notable that all genomes contain a substantial fraction of genes whose functions remain unknown. These genes, although phylogenetically informative, are not yet useful in characterizing functionality, but they do present genetic targets that could be further explored to quantify differences in biodiversity among phytoplankton species and environments (Karl 2007) .
Metagenomics. Because of biomass requirements, genomics has typically been restricted to organisms in culture. However, related metagenomic analyses have been used in mixed populations, characterizing the genetic diversity at the community level. Metagenomic techniques for identifying the genomic diversity within microbial communities fall into two main categories: probes and sequencing. The first category is based on the development of genetic probes that are subsequently attached to a surface (typically nylon, glass, or silicon). This array-type technique was originally developed to examine patterns of gene expression in individual organisms, whereby probes were designed to target each gene (see below). Based on this concept, arrays have now been designed to target specific genes in mixed communities. These array-based metagenomic techniques were first developed for soil microbial communities (e.g., GeoChip) (He et al. 2007 ) but were then later designed for marine communities, including phytoplankton (Ottesen et al. 2011 , Rich et al. 2008 , Shilova et al. 2014 .
One of the challenges of array-based techniques is the need for a priori design of probes targeting all the genetic variants of each gene as well as possible differences in binding affinity and associated signal strength. We have only a limited understanding of the microbial diversity in many regions of the ocean, which leads to uncertainty in how well probes will match the genomic variability in a sample. Compared with other techniques, however, arrays are typically less expensive, take less time for analysis, and require less computational power. They are therefore particularly useful for repeated analyses of a genomically well-characterized community or region (e.g., through a time series). Furthermore, an array can be mounted on a buoy or autonomous vehicle to allow for at least semicontinuous temporal analyses (Robidart et al. 2012 , Scholin et al. 2009 ), thus facilitating a genomics-based approach to environmental monitoring as well as identifying short-term changes.
Metagenomic sequencing is another powerful technique for assessing phytoplankton communities and has transformed our understanding of marine diversity. The basic principle has been well established, involving shearing DNA into pieces, sequencing it, and performing an extensive data analysis (DeLong et al. 2006 , Venter et al. 2004 . This approach provides a reasonably unbiased view of biodiversity and thus allows for the detection of unknown lineages or functions. There are multiple variants of metagenomic sequencing. The first generation of metagenomics techniques cloned pieces of DNA into vectors (plasmid, fosmid, or bacterial artificial chromosome), then amplified and sorted these vectors by transforming them into E. coli and isolating individual colonies (DeLong et al. 2006 , Venter et al. 2004 . Each end of the DNA insert was then sequenced. The second generation of metagenomics has utilized next-generation high-throughput sequencing, which removes the need for cloning and its associated bias (see above). This technique has greatly reduced the cost of metagenomics and generally increased the coverage of organisms captured in a sample. However, the shorter sequence length has also made the downstream analysis more complex and introduced more uncertainty into the taxonomic and gene function assignments.
A variant of metagenomics utilizes flow cytometry-based cell sorting to target specific populations (Batmalle et al. 2014 , Palenik et al. 2009 , Zehr et al. 2008 . However, owing to practical limitations in the number of cells sorted, this approach leads to vanishingly small amounts of the DNA. Thus, the sequencing of sorted populations requires DNA amplification, which can be achieved by either multiple displacement amplification (MDA) or a transposon-based technique (e.g., Nextera) (Batmalle et al. 2014) . It has been well established that MDA leads to an extensive bias whereby the representations of some genomic regions are highly skewed. This is not a large issue if the main goal is to discover new diversity, but it can become important if the aim is to compare diversity between populations.
Independent of the details of amplification, the power of these targeted approaches lies in their ability to identify the genomic variation in populations of low overall density (e.g., Zehr et al. 2008) and to associate unknown genes with specific taxa. Flow cytometry-based sorting combined with genome amplification can also be used to target individual cells (Chitsaz et al. 2011 , Woyke et al. 2009 ). Genome sequencing of single cells was first demonstrated in Prochlorococcus (Zhang et al. 2006) and is a powerful approach for gaining insights into the combination of genes in a cell and, more broadly, in a lineage. The limitation of the technique is linked to the MDA amplification bias Global distribution of ocean metagenomic and metatranscriptomic samples. The map includes all samples from the Global Ocean Sampling (GOS) survey (Rusch et al. 2007 ) as well as samples deposited in MG-RAST (Meyer et al. 2008 ). (Rodrigue et al. 2009 ), which so far has impeded the sequencing of a complete genome. However, partial genome sequences can be powerful for linking taxonomic and functional information, and they have been used to explore the genomic diversity of Prochlorococcus in different environments (Kashtan et al. 2014 , Malmstrom et al. 2013 ). Because metagenomic techniques do not rely on a priori genetic information, they have been used to identify previously uncharacterized phylogenetic and functional phytoplankton biodiversity (Figures 4 and 5) . The Global Ocean Sampling (GOS) survey represents the most extensive marine metagenomic study to date (Rusch et al. 2007) , and several other studies have examined the phylogenetic diversity of Prochlorococcus and Synechococcus in samples from the GOS project (Huang et al. 2012 , Rusch et al. 2010 ). These studies have revealed a phylogenetic clade of Prochlorococcus that is abundant in tropical high-nutrient, low-chlorophyll regions. A targeted metagenomic analysis of uncultured picoeukaryotic phytoplankton also enabled the assembly of a full genome sequence from a previously uncharacterized but abundant picoeukaryotic lineage (Cuvelier et al. 2010) .
Metagenomic studies have also had a large impact on our understanding of the predicted functional diversity of phytoplankton, including previously unknown adaptations for photosynthesis, nutrient uptake and allocation, and other functions. For photosynthesis, a targeted metagenomic analysis identified the genome of the ucynA lineage of nitrogen fixers, which revealed that ucynA had lost photosystem II and thus is a photoheterotroph (Zehr et al. 2008) . Furthermore, the lack of oxygen production explained the ability to fix nitrogen during the day. In a study of GOS samples, Larsson et al. (2014) identified novel configurations of the phycobilisome in Synechococcus that could provide an adaptation to low-salinity environments. Metagenomic studies have also revealed extensive variation in the presence or absence of nutrient acquisition genes. 
Figure 5
Examples of metagenomic analyses describing the diversity of Prochlorococcus. All analyses are based on metagenomic samples from the Global Ocean Sampling (GOS) survey (Rusch et al. 2007) . (a) Identification of previously uncharacterized phylogenetic clades of Prochlorococcus found in high-nutrient, low-chlorophyll (HNLC) regions. The phylogenetic tree is based on sequences of the ribosomal protein rpsT and includes sequences from GOS as well as Prochlorococcus isolates. Data are from Rusch et al. (2010) . (b) Linkage of Prochlorococcus to a cluster of nitrate assimilation genes. Analysis of metagenomic samples detected a previously unknown gene cluster in the genomes of uncultured Prochlorococcus ecotypes. Data are from Martiny et al. (2009b) . (c) Phosphate acquisition gene frequencies in Prochlorococcus populations from areas of the Sargasso Sea with low phosphate concentrations and from areas of the eastern Pacific Ocean with high phosphate concentrations. The relative abundance of each gene was calculated as the ratio of the length-normalized occurrence of particular phosphate acquisition genes to the mean occurrence of all core Prochlorococcus genes (Kettler et al. 2007 ). Data are from Martiny et al. (2009a). cells from regions with low nutrient concentrations contain a suite of genes for the uptake of nitrogen or phosphorus compounds, but those genes are generally absent in regions with elevated nutrient availability (Martiny et al. 2009a,b) . This pattern has been observed in Prochlorococcus and Synechococcus as well as multiple heterotrophic bacteria and thus may be a general pattern for marine bacteria (Batmalle et al. 2014; Martiny et al. 2009a,b; Newton et al. 2010) ; by contrast, this pattern has not been detected in eukaryotic phytoplankton.
Metagenomic analyses have also been used to examine Prochlorococcus adaptations to low-iron conditions. Based on an assembly directly from a mixed population sample, the genome of the lineage appears to have a low frequency of genes with iron as a cofactor (Rusch et al. 2010) . Malmstrom et al. (2013) analyzed single-cell genomes and found additional gene functions for utilizing organically bound iron; they therefore hypothesized that this lineage has adapted to low-iron conditions through a reduction in iron demand and an ability to take up alternative iron sources.
Functional diversity. Using cultured isolates in the laboratory, investigators can assay functional diversity through numerous approaches, from quantifying intrinsic growth rates to photosynthesis/ respiration to studying behavior and more. Many of these assays can be modified for use in situ with mixed field communities, but there can be significant challenges because of low biomass/cell counts or complicating interactions from nonphotosynthetic organisms (e.g., respiration). Furthermore, many techniques are limited to bulk descriptions of the community, which, although useful for intercommunity comparisons, do not directly link biodiversity with function in the community.
Nevertheless, many approaches are available to describe functional diversity. For example, pigment labeling utilizes tracer-based techniques to quantify pigment synthesis and thus can be used to infer the growth rates of different taxonomic groups of phytoplankton (Goericke & Welschmeyer 1993) . Similarly, HPLC or flow cytometry has been used in combination with grazing dilution experiments (or other incubation-type approaches) to quantify the growth and removal rates of specific phytoplankton taxa by leveraging the taxonomic resolution of the technique (Li 1994 , Selph et al. 2011 ). Many of these taxonomically rooted techniques remain powerful tools for characterizing the functional diversity of mixed populations, but there have been additional advances that leverage recently available molecular approaches.
Gene expression: single loci. Functional diversity can be inferred from the abundance of transcribed genes by assuming that the level of transcription for a given gene is proportional to other forms of activity. For example, transcript levels of nifH, a gene involved in nitrogen fixation, are assumed to be proportional to nitrogen fixation and thus provide a molecular technique for assaying this function (Church et al. 2005) . Indeed, for many microbial populations, functional activity is regulated at the transcriptional level, so there is a strong relationship between transcripts and functionality. Furthermore, noncoding RNA is emerging as a major component of functional regulation, thus providing significant insight into physiological diversity (Voigt et al. 2014) . However, other functions-and, in particular, many functions associated with eukaryotic phytoplankton species-are not necessarily regulated at the transcriptional level, so care must be taken in interpretation. Furthermore, the relationships between molecular and physiological or biochemical activity (e.g., rRNA versus specific growth or diel variations in expression) can be complex and therefore must be used cautiously (Kerkhof & Kemp 1999 , Zinser et al. 2009 ). Nevertheless, RNA-based assays can provide precise quantification of the responses of specific pathways, and there is often sufficient genetic resolution to differentiate the functional responses of different phytoplankton taxa. These properties have made this approach a powerful technique for assessing both specific pathways (e.g., rbcL for carbon fixation) and overall activity (e.g., rRNA) for both single species and mixed populations (Paul et al. 1999) .
As with taxonomic diversity, two major approaches are often used when assessing gene expression (i.e., RNA). First, single genes (or gene fragments) can be quantified using qPCR of reverse-transcribed RNA. Here, known targets are quantified, providing a relatively precise level of transcription. As with qPCR or probe-based studies of taxonomic diversity, the major advantage of this approach is that the level of quantification is precise and there is a large dynamic range, but each group (species, clade, etc.) must be separately assessed. Sequencing of gene fragment libraries based on reverse-transcribed RNA is useful for mixed communities because it simultaneously assays the entire community, but these libraries are limited in their dynamic range and their precision of quantification. Because of these trade-offs, approaches based on reverse-transcription qPCR are typically used when there are relatively few known targets (e.g., a few clades) but many samples, whereas approaches based on sequencing are typically used when there are many targets or the number of targets is poorly constrained (Campbell et al. 2011) . As sequencing costs decrease and approaches become available for more precise quantification, sequence-based approaches are likely to become more common.
Gene expression: multiple loci. Similar to metagenomics, metatranscriptomics enables the diversity of phytoplankton functionality to be analyzed using RNA transcripts from the total community. This approach was first tested on a marine microbial community sampled near Hawaii (Frias-Lopez et al. 2008) and was later applied to many ocean regions and taxa , Marchetti et al. 2012 , Poretsky et al. 2009 , Stewart et al. 2010 . The technique has multiple technical variants. Some of the challenges associated with this approach include (a) the amplification of RNA to obtain enough material for a sequencing library, (b) the removal of rRNA, and (c) the conversion of RNA into DNA. For eukaryotic RNA, the polyA tails of the transcripts are utilized to isolate the RNA, which is then linearly amplified and reverse transcribed into DNA. For prokaryotic or plastid RNA, the absence of a polyA tail presents a challenge. This problem can be solved by adding a polyA tail in vitro (Frias-Lopez et al. 2008 , Poretsky et al. 2009 ) and then following the same steps as for eukaryotic phytoplankton. An alternative approach is to use random primers for reverse transcriptions and then perform MDA (Gilbert et al. 2008) . Because rRNA typically constitutes the majority of transcripts, most studies utilize one of the (many) commercial kits available for removing (or at least reducing) rRNA (Luo et al. 2013) . Finally, the abundance of cDNA can then be analyzed with either arrays or sequencing, as with metagenomics.
There are multiple caveats that are important to consider when interpreting metatranscriptomic data. As with any amplification technique, there is a risk of preferential amplification. This was evaluated for Prochlorococcus, where the profiles of amplified versus unamplified transcripts were correlated but had a large scatter (r 2 = 0.85 on log-transformed values) (Frias-Lopez et al. 2008) . By contrast, the profiles of two amplified replicated samples can be similar, pointing to biased amplification. Other potential biases can be introduced in the rRNA removal step as well as through sequencing (He et al. 2007 , Luo et al. 2013 , Stewart et al. 2010 ). These observations suggest that metatranscriptomics is more accurate when used in comparisons, and that one should be cautious when interpreting the absolute transcript levels in a given sample.
Despite these caveats, metatranscriptomics can be a powerful technique for studying the diversity and functioning of phytoplankton in the ocean. For eukaryotes, one of the main advantages of metatranscriptomics over metagenomics is that it characterizes only exon regions. For example, Marchetti et al. (2009) used metatranscriptomics to identify genes in eukaryotic phytoplankton responding to iron stress. In prokaryotes, Shi et al. (2009) used the technique to identify novel transcripts (e.g., small RNAs), and Stewart et al. (2010) used it to identify differences in expression across environmental gradients. The approach can also identify temporal changes in gene expression in whole communities. As observed in many individual lineages, phytoplankton communities display a clear diel cycle in gene expression, whereas heterotrophic bacteria have very different gene expression patterns (Ottesen et al. 2011 (Ottesen et al. , 2014 Poretsky et al. 2009 ).
Proteomics. Metaproteomics is another technique that can be used to analyze phytoplankton community biodiversity. This technique is aimed primarily at assessing functional differences between communities or lineages because it represents the last step in the central dogma of biology (and therefore is presumably close to actual functionality). Traditionally, the proteins have been separated by two-dimensional page electrophoresis, with the profiles then compared or specific proteins extracted and further characterized. However, this technique has been largely replaced by mass spectrometry (Siggins et al. 2012) . In short, current techniques require the isolation of proteins followed by a trypsin digest, which converts the proteins into polypeptides.
The peptides are then separated by gas and/or liquid chromatography in various combinations and then subjected to tandem mass spectrometry. This provides the mass of the peptide as well as the amino acids, which in turn are compared with a protein sequence database to determine the proteins in the sample. This database can be derived from sequenced genomes, metagenomes, or metatranscriptomes.
As with other techniques, there are multiple caveats. We know little about the biases introduced in the multiple preparation steps and the ability to fully identify the peptide sequences from the mass spectrometry analysis. Also, it is important to recognize that the protein identification is highly dependent on the sequence database. Thus, metaproteomics is most useful for wellcharacterized environments. However, as sequence information for marine communities rapidly accumulates, this may soon be an issue only for special marine environments. The technique is also limited by the number of total peptides identified, which restricts the depth and dynamic range of analysis. Furthermore, protein-based approaches are attractive because they are less removed from functionality, but proteins inherently have less information content compared with DNA and RNA, making them less useful for taxonomic/genomic studies.
Nevertheless, metaproteomics is becoming a powerful tool in marine biodiversity analyses. For example, one of the emerging findings is the high expression levels of transporters (Sowell et al. 2009 (Sowell et al. , 2011 , suggesting that microorganisms invest a considerable fraction of cellular resources into the uptake of nutrients and organic compounds. The technique has also been used to assess functional differences between regions (Morris et al. 2010 ) and between seasons (Williams et al. 2012) .
OUTLOOK
As new techniques continue to develop and existing methods become more advanced, the tool kit available to characterize phytoplankton biodiversity will continue to expand. For example, DNA (and RNA) sequencing has now become relatively easy, such that the sample preparation and data analyses are a far larger cost (in both time and money) than the sequencing itself. Importantly, these advancements have also led to combinations of techniques that provide enhanced biodiversity resolution, such as the use of flow sorting and sequencing, dual RNA and DNA analyses, microscopy-based oligonucleotide primers of single cells, and many more.
Beyond the described "-omics" techniques, there have been major advances in the ability to directly quantify the diversity of biochemical capabilities among phytoplankton. Some of these techniques also rely on flow cytometry-based cell sorting and thus are restricted to lineages that can be identified based on size and/or fluorescence. An example is the ability to identify the nutrients that specific lineages can assimilate. For many years, it was thought that Prochlorococcus could not assimilate nitrate because all isolated cultures lacked this capability. However, using a combination of isotopically labeled substrates and cell sorting, Casey et al. (2007) showed that subpopulations of Prochlorococcus were indeed able to take up nitrate. A similar setup can enable investigators to estimate the quotas and ratios of cellular nutrients in populations of specific lineages; this approach revealed wide variation in the C:N:P ratios between and within Prochlorococcus, Synechococcus, and eukaryotic phytoplankton, which has significant implications for the link between the nutrient cycles and ratios in the ocean (Martiny et al. 2013) . Other techniques are leveraging imaging with precision mass spectrometry to assay the uptake of labeled compounds by individual cells to directly quantify functionality (Woebken et al. 2012) .
Investigators working on modern phytoplankton community characterization have a wide range of techniques at their disposal. These tools will continue to advance through ongoing improvements in both technology and the ability to interpret the often vast quantity of data generated.
